and/or altered physical forces secondary to adaptive changes in arterial diameter. These differences implicate pregnancy-specific pathways in the development and inhibition of myogenic tone, and point to potentially opposing roles of NO and hypertension.
that allows for successful pregnancy outcome. In uterine vessels, outward expansive remodeling is seen (increased lumen diameter and unchanged wall thickness) [10, 11] , which serves to reduce uterine vascular resistance in normal pregnancy [4, 12] . Conversely, in chronic hypertensive states, this process is reversed, with inward remodeling (decreased lumen diameter and increased wall thickness) [12, 13] leading to a marked increase in peripheral vascular resistance [3, 9] . In preeclamptic women, the interaction between gestation and hypertension results in an attenuated outward remodeling process [11] , and placental underperfusion and endothelial dysfunction [14] .
While structural gestational remodeling is a key factor in allowing for adequate increases in uterine blood flow, under physiological conditions, vascular resistance is determined by the combination of passive resistance artery structure and the ambient level of constriction, or tone. Myogenic tone -the intrinsic ability of smooth muscle to sustain constriction in response to intravascular pressure -is absent in uterine radial arteries from nonpregnant animals, yet appears in those same types of arteries in late pregnancy [15] [16] [17] .
The objective of this study was to evaluate the effects of hypertension and nitric oxide (NO) inhibition on myogenic tone in pregnancy, as the ability of a vessel to constrict and dilate in response to changes in pressure plays a key role in regulating blood flow to the uterus. Our working hypothesis was that the level of tone would be directly related to hypertension and that treatment with L -NAME would cause increases in tone while co-treatment with hydralazine would cause a return to control levels of tone in both nonpregnant and late pregnant groups. Hydralazine was co-administered with L -NAME to normalize blood pressure and thereby dissociate the effects of elevated pressure from those of NO inhibition, as hydralazine is a widely used treatment for hypertension in pregnancy [2, 18, 19] . The results support this hypothesis in the nonpregnant state. During pregnancy, however, the data suggest that changes in tone may be primarily related to the degree of expansive remodeling, which appears to be mediated by both NO and intravascular pressure.
Methods

Animals, Experimental Treatments and Preparation of Tissues
Adult (13-14-week-old) timed-pregnant female (n = 53) and virgin nonpregnant (n = 29) Sprague-Dawley rats were purchased from Charles River Laboratories (St. Constant, Que., Canada) and housed in the Small Animal Facility at the University of Vermont which is fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care. Feed and water were provided ad libitum. All experimental protocols were approved by the Institutional Animal Care and Use Committee.
Six treatment groups were used: (1) nonpregnant controls, NP-C, n = 12; (2) nonpregnant hypertensives, 0.5 g/l of L -NAME in drinking water, NP-L, n = 11; (3) nonpregnant NO-inhibited normotensives, 0.5 g/l L -NAME plus 0.27 g/l hydralazine in drinking water, NP-L+H, n = 6; (4) late pregnant (day 20 of a 22-day gestation) controls, LP-C, n = 23; (5) late pregnant hypertensives, L -NAME in drinking water, as above, LP-L, n = 16; (6) late pregnant NO-inhibited normotensives, treated with L -NAME and hydralazine as above, LP-L+H, n = 14. In pregnant animals, treatment was started on days 9-10 of pregnancy, and continued until day 20; age-matched NP animals were also treated for a 10-day duration prior to experimentation.
Blood pressures were measured noninvasively by determining the tail blood volume with a volume-pressure recording sensor and an occlusion tail cuff (CODA System, Kent Scientific, Torrington, Conn., USA). Pressures were taken at the same time of day (late morning) 3 times during the course of the 10-day treatment. Mean arterial pressures (diastolic + one third of pulse pressure) were derived, and are expressed in mm Hg.
On the morning of an experiment, each animal was euthanized with an intraperitoneal injection of Nembutal (pentobarbital sodium, 50 mg/kg; Ovation Pharmaceuticals, Deerfield, Ill., USA) and, once a surgical plane of anesthesia was attained, decapitated in a small animal guillotine. The abdomen was opened and the uterus and its contents removed and pinned in a Sylgardlined Petri dish filled with room temperature oxygenated (aerated with a mixture of 5% CO 2 , 10% O 2 and 85% N 2 ) physiologic saline solution (PSS).
Experimental Protocol
All experiments utilized premyometrial as opposed to preplacental radial arteries to allow for direct comparisons from the nonpregnant to late pregnant state and to ensure maintained contractility, as preplacental radial vessels have been shown to lose contractility secondary to endovascular trophoblast invasion [16] . Once isolated and dissected clean of connective tissue, each vessel was cannulated in the chamber of an arteriograph (Instrumentation and Model Facility, University of Vermont, Burlington, Vt., USA), pressurized with a pressure-servo system (Living Systems Instrumentation, Burlington, Vt., USA) and positioned on the stage of an inverted microscope (Zeiss, Jena, Germany) equipped with a video camera as described previously [20, 21] . Vessels were superfused with PSS at a rate of 3 ml/min at 37 ° C and a pH of 7.4 (monitored in the bath near the vessel with a micro pH probe; Microelectrodes Inc., Bedford, N.H., USA). After cannulation, vessels were equilibrated for 40 min at 10 mm Hg, 20 min at 60 mm Hg, and then incubated with 0.2 m M Nnitro-L -arginine (L-NNA) and 10 M indomethacin for 20 min at 60 mm Hg, to block any vasodilatory effects of NO and prostaglandins, respectively. Most often, the development of tone was seen during equilibration at 60 mm Hg before incubation with blockers. If tone was not seen after equilibration, pressure was cycled (10 -60 -100 mm Hg) to stretch the vessel and activate the myogenic response. Pressure was then lowered to 20 mm Hg and raised to 200 mm Hg in 20-mm Hg increments, for 5-20 min at each pressure, to determine myogenic tone as a function of transmural pressure.
At the end of the experiment, all vessels were subjected to 40 mM K + PSS (made by substituting equimolar amounts of KCl for NaCl) at 60 mm Hg to ensure even constriction/vessel viability. After treatment with high K + , all vessels were fully relaxed with a solution containing 100 M papaverine and 10 M diltiazem, and subjected to the same pressure steps as above to obtain passive diameters. The tone (%) seen at each pressure was calculated by: Ø p -Ø a /Ø p ! 100, where Ø a is the active inner diameter at each pressure step and Ø p is the corresponding passive inner diameter in the papaverine plus diltiazem solution. Both inner and outer arterial diameters were recorded at each pressure, and wall thickness derived by subtracting the inner diameter from the outer diameter and dividing by two.
Remodeling Index
The amount of expansive outward growth (increased lumen diameter) or inward remodeling (decreased lumen diameter) in each treatment group was calculated as the percentage change (positive or negative) from the average lumen diameter of agematched nonpregnant control vessels. All measurements were made at a transmural pressure of 80 mm Hg and under fully relaxed conditions, as described above. 
Statistical Analyses
Statistical differences among all six treatment groups were determined from individual vessel data (SigmaPlot 9.0; Systat Software Inc., San Jose, Calif., USA) by analysis of variance to evaluate inter-and intragroup variability followed by multiple comparisons tests to stratify differences between treatment means. p values of 0.05 or less were considered significant and are connoted by different letter superscripts. Data are expressed as mean values 8 standard error of the mean, with n values representing the number of animals (one vessel used per animal). Regression analysis was performed, followed by the calculation of the coefficient of determination (r 2 ) to determine the relationship between blood pressure and percent tone. ( table 1 ) Maternal body weight was similar in all NP groups, though the animals in the NP-L and NP-L+H groups trended smaller than in NP-C. While LP controls were significantly heavier than the animals in all NP groups, both the LP-L and LP-L+H animals were smaller than LP controls. Mean arterial pressures at the midpoint of the 10-day treatment (in LP animals, day 14-15 of gestation) showed increases in both the NP-L versus NP-C group and the LP-L versus LP-C group (p ! 0.05 for both comparisons; table 1 ). In the NP-L+H animals, hydralazine treatment prevented the increase in blood pressure, while in the LP-L+H group, pressures were intermediate between those of LP-C and LP-L animals.
Results
Effects of L -NAME and Hydralazine Treatment on Maternal and Fetal Characteristics
In terms of fetal parameters, litter sizes and resorption rates (determined by averaging the number of degenerated pups per litter) were comparable in all LP groups. While fetal weights were significantly reduced in LP-L compared to LP-C, fetal weights from LP-L+H animals were intermediate. Placental weights were similar in LP-C and LP-L, but somewhat heavier in animals cotreated with hydralazine (p ! 0.05 vs. L -NAME treatment alone).
Pregnancy-Specific Myogenic Tone Differences due to L -NAME and Hydralazine Treatment
To illustrate the behavior of an isolated myogenic vessel in response to changes in pressure, an experimental tracing from the LP-L+H group is shown in figure 1 . Tone developed during the 60-mm Hg equilibration and further constriction was seen with the addition of 0.2 m M L-NNA and 10 M indomethacin. The diameter stabilized and then increased progressively at 20 and 40 mm Hg due to passive distension. Tone redeveloped at 60 mm Hg and was maintained until 140 mm Hg, when forced dilatation occurred in response to step increases in pressure.
The level of myogenic tone at 80 mm Hg in vessels from each treatment group is shown in figure 2 a. For clarity of data presentation, 80 mm Hg was chosen to represent a single pressure within the physiologic range likely experienced by these vessels in vivo. Arteries from NP-C animals had little or no tone at 80 mm Hg (5 8 2.6%), while those from the NP-L group had significantly more tone, 31 8 3.1 % (p ! 0.05). The average level of tone in vessels from the NP-L+H group was similar to that of the NP-C group (13 8 5.7% vs. 5 8 2.6%; p 1 0.05).
Late pregnant controls had 39 8 3.2% tone at 80 mm Hg, while a significant reduction was seen in the LP-L group, with 11 8 5.0% tone (p ! 0.05). Co-treatment with hydralazine (LP-L+H group) prevented this attenuation, with 28 8 3.6% tone observed at 80 mm Hg, statistically the same as in late pregnant controls (p 1 0.05).
Patterns of Arterial Remodeling
To highlight the extent of remodeling in all groups compared to NP-C, a remodeling index is presented in figure 2 b. Compared to NP-C vessel diameters at 80 mm Hg, both NP-L and NP-L+H vessels had negative indices (smaller lumen diameters), of -14 and -3%, respectively. Vessels from LP control animals underwent significant expansive gestational remodeling, with a remodeling index of 35% greater than NP controls, while L -NAME treatment attenuated this process, resulting in a value of 13%. Co-treatment with hydralazine and L -NAME reinstated the gestational remodeling, with a 33% remodeling index. Note the similar pattern between the level of tone ( fig. 2 a) and degree of remodeling ( fig. 2 b) in the late pregnant groups. Both LP-C and LP-L+LH had similar levels of tone and similar levels of gestational remodeling, while vessels from LP-L animals had attenuated remodeling and tone. This relationship was absent in the nonpregnant group, where the NP-L group had tone, yet lumen diameters were smaller than in NP-C. To detail the structural changes in vessels due to treatment and pregnancy, lumen diameters and wall thicknesses are shown in figure 3 . As seen in figure 3 a, passive lumen diameters at 80 mm Hg (fully relaxed in a solution containing 100 M papaverine and 10 M diltiazem) were significantly larger in LP-C versus all NP groups and the LP-L group. All NP groups were similar and the LP-L+H group was statistically similar to LP-C (p 1 0.05). Figure 3 b shows decreases in wall thickness in the LP groups compared to the NP groups as well as increased wall thickness in the NP-L and NP-L+H groups compared to NP-C. These patterns were preserved across a wide range of transmural pressures.
Regression Analyses
In all NP animals, a strong positive correlation was noted between the level of arterial tone and mean arterial pressure; for example at 80 mm Hg, r 2 = 0.74 ( fig. 4 a) , although this may be overestimated due to the somewhat bimodal distribution of the data. In vessels from LP animals (both control and treated), there was no correlation between mean arterial pressure and percent tone seen at 80 mm Hg (r 2 = 0.04; fig. 4 b) . Similar relationships were seen throughout the physiologic range of pressures (data not shown in the interest of simplicity).
Discussion
Myogenic tone is a fundamental property of small arteries and has been previously documented in the uterine circulation in pregnancy in both human and animal studies [16, 17, [22] [23] [24] [25] [26] . While the utility of myogenic tone in late pregnancy is not clear, in animals with hemochorial placentation like the human and rodent, tone likely serves to keep intervillous space pressure low within the placenta (thereby preventing compression of fetal villi), and secondarily acts as a possible mechanism for limiting bleeding during parturition and in the postpartum period. In other circulations, myogenic tone has been documented as increased in hypertension [27] [28] [29] [30] . In our study, this was the case with nonpregnant uterine vessels. However, in pregnancy, the pattern of tone development was closely connected to the pattern of gestational remodeling. Uterine radial vessels increase in diameter by approximately 35% in pregnancy, but this process was significantly attenuated in the late pregnant L -NAMEtreated animals, in which the lumen diameters were similar in size to nonpregnant controls. When late pregnant animals were treated with hydralazine in addition to L -NAME (maintaining NO inhibition but lowering blood pressure), both expansive arterial remodeling and tone were reinstated. Interestingly, this correlation is not evident in the nonpregnant groups, where an increased amount of tone was seen in vessels from nonpregnant animals treated with L -NAME, yet a decrease in lumen diameter occurred. Together, these data implicate remodeling rather than hypertension as the dominant influence underlying the appearance of uterine artery myogenic tone in pregnancy.
Since hydralazine induces vascular smooth muscle (VSM) relaxation via multiple mechanisms [31] [32] [33] , the pathways by which it affects remodeling and activation of tone are not known. Moreover, recent studies have demonstrated that hydralazine augments flow-induced remodeling through a mechanism linked to reactive oxygen species [34] . This observation invokes an additional, endothelial component, since an increase in intra-arterial shear stress due to the reduction in downstream resistance secondary to hemochorial placentation likely plays a role in maternal uterine vascular remodeling during gestation [11] . In other regional circulations, the mechanism underlying flow-induced remodeling has been shown to be endothelium-dependent in a number of earlier studies [35] [36] [37] , although these observations have not been confirmed in the uterine circulation.
The most established mechanism for myogenicity is pressure/stretch-induced VSM membrane depolarization leading to calcium influx [38, 39] ; the activation of enzymes that increase calcium sensitivity (such as PKC, RhoA) is also recognized as an important complementary mechanism [40] [41] [42] [43] [44] . Accordingly, previous studies have shown an increase in VSM depolarization and cytosolic calcium in the uterine vasculature during myogenic tone development [17, 25] . It is worth noting that the extent of tone in the uterine circulation has been shown to be dependent on vessel location -for example in the recent paper by Withers et al. [45] in which vessels taken immediately proximal to the uterine wall show little tone in the absence of prestimulation, and in our previous work [16] , demonstrating the dependency of myogenic tone on both vessel type and location.
The gestational hypertrophy of VSM in uterine arteries [10] has also been documented to result in smooth muscle cell phenotypic changes [17, 46, 47] . This adaptive process, in combination with an increased wall tension and stress due to luminal enlargement without any thickening of the wall [11] , may alter VSM cytoskeletal architecture and increase tensile forces at the level of the plasma membrane and thereby result in altered cellular signaling as well as contractility [48, 49] . Thus, though wall tension and stress may also increase in the late pregnant L -NAME-treated group due to systemic hypertension, the absence of VSM phenotypic changes associated with gestational remodeling appears to preclude the development of tone.
Although myogenic tone can be augmented or reduced in pathophysiologic states such as hypertension [50] or sepsis [51, 52] , its presence is generally thought to be an inherent property of small resistance vessels. Notably, the appearance of tone during gestation in a vessel that is normally not myogenic in the nonpregnant state is quite an unusual phenomenon. Defining its basis from a mechanistic standpoint (for example altered expression or gating of calcium and potassium channels, as described in [17] , or activation of calcium-sensitizing enzymes) would contribute to our understanding of myogenic behavior in general.
In summary, ours is the first study to link the development of myogenic tone to arterial remodeling, and to dissociate the roles of NO inhibition versus hypertension in this process. Future research should better elucidate the signals and pathways of VSM phenotypic adaptation during pregnancy, and further explore remodeling and tone as a function of gestational age and pre-and postpartum states.
